Spray modelling is one of the most useful techniques to characterize engine performance, efficiency and emissions. The size of droplets is one of the key variables that govern the efficiency of combustion of the liquid fuel. This study aims to develop an interactive tool using MATLAB codes that identifies the droplets and their sizes from the image taken with the long distance microscope in the spray chamber setup. In this developed method, firstly the background of the image was removed and then image processing techniques, dilation and erosion, were applied to the image file to refine the image files. Subsequently, circle detection method based on the Hough Transform algorithm with the function of imfindcircles was implemented. This function of the program allows the user to identify size droplets from the image files. A statistical study was conducted with the results automated from the MATLAB program using a different set of threshold values of black and white contrast. The results showed an optimal range for the threshold (black and white) values between 40 and 70. This optimal threshold range was established based on consideration of the correct and incorrect identification of the droplets. The results indicated that the program has the ability to identify the droplet providing size and numbers. The MATLAB program was developed using MATLAB compiler and can be used at different workstations.
Introduction
In global trade, the maritime transport industry plays an important role. The vessels used within the industry are usually powered by heavy duty, low to medium speed diesel engines. These types of marine diesel engine are one of the most efficient internal-combustion engines in the world, capable of delivering greater than 50% thermal efficiency. 1 Among the studies involving engine performance, efficiency and emissions, spray modelling of the liquid fuel is one of the main areas studied. The spray is influenced by a large number of parameters such as internal nozzle flow including cavitation, two-phase flow interactions, spray velocity profile, turbulence at nozzle exit, physical and thermodynamic states of liquid with surrounding gas, setting of equipment and the properties of droplets. 2, 3 For example, the cavitation of the internal nozzle flow is considered to be the main reason for primary breakup which leads to atomization. [2] [3] [4] In diesel spray injection, the fuel is injected into a high pressure chamber where the high pressure injection of fuel causes rapid disintegration of the liquid fuel into minute fine droplets ranging in size from 5 to 60 mm. There are numerous micro physical phenomena that occur from the nozzle to the disintegration of the liquid fuel into fine droplets. This disintegration process is also known as atomization of fuel. 1, 5 The study of the diesel spray can be separated into two categories namely macro spray structure and micro spray structure. The studies of macro spray structure involve investigation of the spray structure as a whole. The method involves quantifying the shape and size of the spray and the effect of atmospheric pressure, viscosity and liquid surface tension on the spray size and shape. 1, 5, 6 The studies of micro spray structure and physics involve closer observations of the spray at microscopic scale. This is the main area of interest as it explains in more detail the causes of the macro spray structure formation. There are numerous fields of research found in literature, namely nozzle cavitation, breakup of liquid fuel, inter-droplet collision, the effects on drag coefficient from deformation of droplets, and the small-scale turbulent flow in the multiphase fluid mixture. These studies help understanding the micro physics of droplets interacting with gas and with other droplets. 1, 5, 6 As an example, Lin and Reitz 2 indicated that the viscosity tends to reduce the breakup rate and increase the drop size. Droplet sizing which is part of the turbulence modelling of liquid spray is one of the key variables that govern the combustion process. 5 Nguyen et al. 7 noted that the study of fuel droplet evaporation and burnout in practical combustion systems via experimental and/or numerical means has been the focus of much research both past and present. This is because the engine power output and pollutant formation of the engine is strongly related to the fuel evaporation and burnout rates. It is essential to measure the fuel evaporation and burnout rates, and eventually these rates relate to the droplet sizing. Sirignano 8 stated that the droplet size is one of the key properties in measuring the rates of evaporation and burnout. As mentioned by Srinivasan, 9 large drops ignite late due to sustained local cooling from evaporation and small drops evaporate more quickly due to less significant local evaporative cooling. Sirignano 8 also concluded that the aerodynamic forces on a droplet depend on its size in a functional manner, which is different from the dependence of droplet mass on the size. As a result, smaller droplets undergo more rapid acceleration or deceleration than larger droplets. There are different correlations on the droplet sizing. Many different properties are used in the correlations such as viscosity, surface tension, orifice diameter, injection pressure, gas density and fuel density. Dam 6 concluded that many different setups and measuring positions are needed and a single correlation cannot be used.
There are three main measurement techniques used for sizing the droplets, phase Doppler interferometry (PDI), interferometric Mie imaging (IMI) and shadow imaging of particles. 10 These three techniques can be categorized into temporal or spatial sampling methods. Temporal sampling method can be explained as the measurement of drops in a fixed area during a specific time interval, 10, 11 while spatial sampling method is instantaneous measurement of drops within a volume. It measures instantaneous size and velocity of spatially distributed droplets. 6 Berg et al. 10 theoretically described PDI as light scattering from spherical particles and showed that the phase shift of the light scattered from two intersecting beams can be used to accurately measure the diameter of spherical particles. PDI is also known as Phase Doppler Particle Analyser (PDPA). 11 Interferometric Mie Imaging (IMI) is also known as Interferometric Laser Imaging for Droplet Sizing (ILIDS) or Mie Scattering Imaging (MSI). As discussed by Fujisawa, 12 this sampling technique utilizes light scattering and interference for a 2D spray characterization. Berg et al. 10 also described the shadow imaging of particles which uses high-magnification optics to record the image with pulsed backlight illumination. This technique is an example of spatial measurement of volume defined by the focal plane and the depth of field of the imaging system. 10 An experimental study was carried out by Bong 1 to validate the large eddy simulation full spray formation. This study explored dropsize shadowgraphy technique using high pressure spray chamber (HPSC) with a dualframe CCD camera, a double-pulse 120 mJ laser with light sheet optics, a high-efficiency diffuser and an acquisition computer. 1 With the aid of a long distance microscope dropsize images of spray at a specific location were obtained and then these images were analysed with a combination of software namely; DaVis v7.2 and MATLAB v7.5. Bong 1 stated that there were issues with this droplet sizing technique, which produced differences between the mean values of the measured droplets. Bong 1 presumed that the errors were caused by limited sample size, low quality images taken in the dense part of the spray and limited precision from the camera and lens for measurement of small droplets.
Advancing from the physics of a diesel spray and the droplet sizing techniques, Bong's experimental study showed the validation of the large eddy simulation full spray formation. However, the results were affected by the limitation of the software DaVis v7.2.
1 The software was unable to produce an accurate result and was unable to identify all the droplets from the image files. The algorithm used within the software was only able to identify the droplets with a significant contrast between the droplet and background. Some images taken from the HPSC are from the dense part of the spray where contrast between backgrounds does not exist. Therefore, the aim of this study is to develop an interactive program using MATLAB to improve the algorithm of the program. This is undertaken to make an improvement in analysing the images.
Methodology
This section provides the steps followed to identify the droplets within the image file. The logical flow chart of the methodology is shown in Figure 1 . The first step is to remove the background from the image file. This process significantly improves the contrast between the droplet and the background. Subsequently, the image processing techniques opening, closing and reconstruction are applied. This improves the results by refining the image file so that a clearer representation of the droplet can be produced. Once the image is refined, the next phase of the program is to identify the droplet from the image files. Two approaches were taken during the research which included the edge finding method and circle detection method. All the approaches and steps are outlined in the following subsections.
Background removal
For the digital image process, there are four basic types of images defined within MATLAB software these being binary, indexed, grayscale and true colour. 13 These image types determine the way MATLAB interprets the data matrix elements as pixel intensity values. The program created in this project requires the image files in grayscale type. Values from 0 to 1 or 0 to 255 can be used to define the intensity value of pixel in the image 13 where value 0 represents black and value 1 or 255 represents white. There are three types of class array used to refine the matrix of image file such as double, uint8 or uint16.
14 A class array of double shown in Figure 2 gives a range of 0 to 1, while uint8 and uint16 give a range of 0 to 255 for the intensity values.
In order to remove the background from the image file, a threshold value between 0 and 255 needs to be applied to define the maximum intensity value of the droplet. This value is chosen based on visual inspection by the user. The pixels with intensity value higher than the threshold value are converted to 255 which are represented as white and the pixels lower than the threshold value are converted to 0 which are represented as black.
Morphological image processing
In the next step, image processing techniques opening, closing and reconstruction are applied to the image with better contrast from the background removal process. These image processing techniques are based on the fundamental of image processing morphology, dilation and erosion. Dilation is an operation that 'grows' or 'thickens' objects in the image. 15, 16 As shown in Figure 3 , dilation of A by B is the set consisting of all the structuring element origin locations where the reflected and translated B overlaps some portion of A. Erosion 'shrinks' or 'thins' the object in the image. 15, 16 Figure 4 is showing Erosion of A by B. It is the set of all structuring element origin locations where the translated B has no overlap with the background of A. The operations of dilation and erosion are used in combinations for the opening and closing applications. The morphological opening of A by B is defined as the erosion of A by B then followed by the dilation of the results by B. The morphological closing of A by B is a dilation of A by B followed by erosion.
The example of opening and closing is shown in Figure 5 where subfigure (b) shows the results of opening in which the thin protrusions and outward pointing boundary irregularities are removed. The thin join and the small isolated object are also removed. Subfigure (c) is showing the result of closing where the thin gulf, the inward-pointing boundary irregularities, and the small hole, are removed. Finally, subfigure (d) shows that the combination of opening and closing gives a smoothed object compared to the original image.
Morphological reconstruction is another image processing technique that can be applied in the program 14 where it involves two images and a structuring element. 15, 16 This is the difference between reconstruction and the combination of opening and closing, as opening and closing used a single image and structuring element. In reconstruction, one image is used as the marker that undergoes the transformation of opening and closing while the other image is used as the mask which constrains the transformation. 15 Figures 6 and 7 shows an example of the morphological reconstruction where the border characters are removed.
Edge finding method
Once the image is refined, the initial approach is to identify the edge of the droplet to determine its size. There are several methods that can be applied to determine the edge of the droplet such as Sobel, Prewitt, Roberts, Laplacian of Gaussian, Zero-cross and Canny. Sobel method is the default method used in MATLAB where it performs a 2D spatial gradient measurement on the image and emphasizes regions of high spatial frequency that correspond to edges. 17 It is used to find the approximate absolute gradient magnitude at each point in the input grayscale. However, with the edges of the droplet identified, it is challenging to obtain information that is useful to determine the size of the droplet. The edges identified are in a non-uniform shape and further research needs to be undetaken in order to refine the non-uniform edge into a uniform circular shape. During the research, a better approach was discovered. This is discussed next.
Circle detection method
Yuen et al. 18 described a number of circle detection methods available based on the variations of Hough Transforms such as standard Hough Transform, Fast Hough Transform, Gerig and Klein Hough Transform, and a two stage method. A function of imfindcircles based on a Circle Hough Transform (CHT) algorithm Figure 3 . Example of dilation. 16 to identify the circles in images was implemented. 19 Although the CHT is not a rigorously specified algorithm compared to those mentioned previously, there are essential steps which are common to all the different approaches that can be taken, such as accumulator array computation, centre estimation and radius estimation.
The accumulator array computation begins with the estimation of gradient for the pixels within the image. Then the gradient value calculated is used to identify the edge pixels in the image. The foreground pixels of high gradient are designated as being the candidate pixels to cast 'votes' in the accumulator array. These candidate pixels voted in pattern around them forms a full circle of a fixed radius. 19 Figure 8(a) shows an example of a candidate pixel lying on an actual circle (solid circle) and the CHT voting pattern (dashed circles) for the candidate pixel. The votes of candidate pixels belonging to an image circle tend to accumulate at the accumulator array bin corresponding to the circle's centre. Therefore, the circle centres are estimated by detecting the peaks in the accumulator array. Figure 8(b) shows how an example of the candidate pixels (solid dots) lies on an actual circle (solid circle) Figure 4 . Example of erosion. 16 and their voting patterns (dashed circles) which coincide at the centre of the actual circle. Afterward, the radius is estimated by decoding the phase information from the estimated centre location in the accumulator array.
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Results
This section is divided into four parts, in the first part a step-by-step process of droplet sizing using the MATLAB program is described. The second and third part give a statistical study and the confidence interval is described and the fourth part is discussion regarding the outcome of the program.
Step-by-step process
The program was created using a graphical user interface (GUI) design environmental function with MATLAB version 2013b. In the GUI, a graphic is displayed in one or more windows containing controls called components that enable a user to perform interactive tasks. 21 The main advantage of using a GUI is that it does not require the user to create a script or type commands at the command line to accomplish the tasks. This allows the user to run the program without programming knowledge. Figure 9 shows the interface of the program where the controls such as the file browsing button, calibration button, etc. are located on the right hand side. The results are shown on the left hand side with the plots, together with text and table providing the information on the size and number of droplets. After loading the images, the calibration image needs to be imported. The calibration function allows the user to manually select two points to define a certain length of the line as shown in Figure 10 (a). This calibration information is then stored and used to calibrate the other images selected, as shown in Figure 10(b) .
The program then filters out the background using a threshold value between 0 and 255. The threshold value can be adjusted by changing the slider within the red region area in the program interface. Figure 11 shows the result after applying the threshold value. It can be clearly observed that the background is removed, and a significant contrast between the droplet and background is displayed. Figure 12 shows the refined image, clarified by image enhancement. It can be seen that it filled the gaps within the droplets and helped to emphasize the boundary. The program is then able to identify the droplets with the imfindcircles function. Figure 13 shows the results of the function where four droplets are recognized and the size of each is presented in the table beneath the refined image. Moreover, in order to ensure that the results obtained are accurate and realistic, the program allows the user to manually add, edit or delete the identified droplets. Figure 14 shows the process of manually adding a measured droplet, indicated by the arrow within the figure. This function allows the user to select the centre and the edge of the droplet and then draw an adjustable circle. Figure 15 show the editing and deleting function.
The program includes import and export functions for storing or modifying the results. This allows the measured droplets in the image to be imported or exported and thus be compared with the results obtained different settings. Figure 16 shows the import function that allows the user to select the measurement data file from a folder to be imported.
The Export function saves the measurement data file into a user selected folder. Furthermore, image files 
Statistical study
As shown in Figure 17 , different threshold values identify different numbers of droplets. Therefore, a statistical study is carried out to examine the results over a range of threshold values. The sensitivity factor value and edge gradient threshold value are kept constant at 0.87 and 0.5 during the results evaluation process. The sensitivity factor is the sensitivity for the circular Hough transform accumulator array. The higher sensitivity value implies that more droplets can be identified. However, with the higher sensitivity, there is an implicit risk of detecting false droplets. The edge gradient sets the threshold for determining edge pixels in the image. The lower edge gradient threshold can help to detect more droplets with a weaker edge and vice versa.
In order to evaluate the results and make a comparison, a set of measurement data was manually identified by human eye. This set of measurement data is then used as the sample data to compare with the results using different threshold values. The testing range of the threshold value was between 20 and 120, and the standard deviation and mean was calculated for each set of these values, using equations (1) and (2) . 
The normalized standard deviation and mean in terms of percentage with the mean of sample data is given as equations (3) and (4) Normalised standard deviation,
Normalised mean,
Â 100% ð4Þ Figure 18 shows the normalized mean and standard deviation over the range of threshold values for the correct and incorrectly identified droplets.
For the right or correct identification of the droplets, the highest normalized mean is around 52% when the threshold value is between 70 and 80. The normalized standard deviation for correct identification is in between 15% and 31%. While for the incorrect identification of the droplets, the normalized mean increases along with the threshold value. The normalized standard deviation is in between 7% and 38%.
Confidence interval
According to the central limit theorem, the sampling distribution of a statistic follows a normal distribution. A t-distribution which is known as the Student's t-distribution is used to determine the confidence interval for the mean value of each threshold value set. It is a probability distribution that is used to estimate population parameters when the sample size is small. 22 The t-scores are the standardized scores on each element for a set of samples. This standardized score can be used to evaluate the probabilities with the sample mean by knowing the standard deviation. The formula for t-scores is expressed as A confidence interval can be formed with the t-score to describe the amount of uncertainty associated within the sample. For example, a 99% confidence interval on the estimation of the mean indicates that 99% of the intervals would include the mean denoted as
x AE E :99 The term E :99 is known as the margin of error which is also x À ð Þin t-score formula that calculated as
where the critical value is the t-score from t-distribution calculated using a confidence level of 99% and degrees of freedom with 32, s is the standard deviation and N is the sample size. It is assumed that the results to follow a normal distribution curve. The margin of error is then expressed as a percentage of the mean which is calculated as Figure 19 shows the confidence interval for the mean value of droplets identified for each set of threshold values. This gives an estimation of range for the mean value of correct or right identified droplets. The highest numerical value of the interval is between 7 and 12 droplets when the threshold value is 80. The figure also indicates that the value of estimation for mean value of incorrect (false) identified droplet rises with higher threshold value. Figure 20 shows the margin of error in the percentage of calculated mean with the threshold value between 50 and 90 shows a lower percentage of error for correct and incorrect identification compared to other regions. The decline of the percentage for the false identification is due to the higher value of false identification when threshold value increases.
Discussion
Based on the results, it is found that the threshold value of 10 would be too low to be applied as the program will identify a droplet with a dimension even smaller than 5 mm. Furthermore, it is also noted that the threshold value of 130 would be too high to be applied. This is due to the high degree of inaccuracy where most of the identified droplets are anticipated to be false droplets. Hence, a threshold value between 20 and 120 is used in the statistics study.
The optimum range of the threshold value can be narrowed down based on the results from the statistical study. As shown in Figure 18 , the program had higher chances of identifying the correct droplets until it reached a maximum point. The program tends to identify more false droplets as the threshold value increases. A threshold value of 40-70 is considered to be the optimum range here as it gives a higher value of the normalized mean and lower value of the normalized standard deviation for the right identification. Likewise, it gives a slightly lower value of the normalized mean and standard deviation for the false identification. This indicates the program is performing better with less variation of error and higher number of right identifications.
As shown in Figure 19 , a threshold value between 40 and 70 provides a higher percentage for recognizing the correct fuel droplets. Looking at the margin of error in the confidence interval in Figure 20 , indicates that the threshold value of 50-90 gives the lower percentage in term of the mean for the right identification. This shows that the program is more reliable in that range as it is able to produce fairly consistent results with smaller margin of error over the samples. Based on the results from the statistical study, it can be concluded that the optimum range of the threshold value is around 40-70. Figure 18 shows that the highest normalized mean for the right identification is around 52% which is around half of the sample mean value. In reality, the result varies depending on the judgment of the human eye when creating the manual data set, as errors can be made by missing some droplets or considering too many of the unclear or unsure droplets as real droplets. This relates to the limitation of previous software DaVis v7.2 where the program was unable to identify most of the droplets with an image file taken from the dense part of the spray. A justification can be made regarding this issue which is related to the 'intensity profile' of the pixels within the image. The program often does not identify some of the droplets supposed to be correct based on the human eye. This is due to the method of the interpolation process for the droplets. The human eye is unable to recognize the intensity level limiting differentiation of black and white only while the program is able to differentiate based on the pixel intensity.
The problem then arises that the image files imported into the program should have a clear contrast between the droplet and the background. The developed MATLAB program gives a better approach compared to the DaVis software regarding this issue. The program allows more flexibility in terms of obtaining the results with a huge number of combinations with different values of threshold, sensitivity factor and edge gradient threshold. The program can be utilized to detect and determine the number and size of the droplets over the image files with different characteristics as well.
The program is developed into two version of selfextracting archive where one is for the user with MATLAB software installed in the workspace and the other is for the user without MATLAB software. The user with MATLAB installed can install the MATLAB program that develops and also creates a shortcut icon on their desktop. The user without MATLAB installed will require installing the MATLAB Compiler Runtime. This allows the MATLAB program to run, even without the MATLAB in the workstation. The installed MATLAB program folder will contain a number of files including the user manual pdf file. The user manual file explains the process from setting up the program, launching the program, how to begin the program and a step by step guide for troubleshooting.
The program is tested with different workstations that use various operating systems and hardware to ensure the compatibility and usability of the 
Conclusions
The developed program showed good correlation of results, and demonstrated its ability to identify droplet size and distribution in the fuel aerosol. Moreover, the program also provides the ability to add, edit or delete the identified droplets. The flexibility of the program is another main feature which allows the user to define different setting that may be applied to different images such as an image file taken from a highly dense part of the spray. In conclusion, the program has proven its compatibility and usability from the testing and its accuracy from the statistical study. However, some modifications are needed to the program, in order to obtain more accurate results from the image files. The suggestion for further work would be to add another function to merge the results in the program. This would allow improved outcomes by combining the results from different settings, such as a higher sensitivity value or a lower edge gradient threshold. This practice would result in optimizing the outcome performance of program for image files with different features.
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